To determine if the ratio of the pulsatility index (PI) of the left pulmonary artery to the PI of the descending aorta, the R p /R s index, correlates with the degree of ductal steal from the intestine in neonates with a patent ductus arteriosus (PDA).
INTRODUCTION
Patent ductus arteriosus (PDA) impacts blood flow to vital organs in premature infants, a phenomenon known as ductal steal. Ductal steal is associated with cerebral ischemia, 1 intraventricular hemorrhage, 2,3 a worsening course of respiratory distress syndrome, [4] [5] [6] pulmonary hemorrhage 7 and necrotizing enterocolitis (NEC). [8] [9] [10] Many factors determine the severity of ductal shunting, including the pulmonary to systemic resistance ratio and size of the ductus. Since any factor that alters the pulmonary to systemic resistance ratio will tend to alter ductal shunt independent of ductal size, assessment of PDA size alone is not adequate to determine the extent of ductal shunting. Therefore, to assess adequately the hemodynamic significance of ductal shunting in premature infants, the magnitude of the pulmonary to systemic shunt flow (Q p :Q s ), the size of the ductus, and PAP must be evaluated, albeit indirectly.
Presently, there are no established methods or techniques for grading a hemodynamically significant PDA (hsPDA). Clinical signs, such as a continuous murmur, a hyperactive precordium, hypotension, or metabolic acidosis, have a very low sensitivity in the first 3 or 4 days of life. 11, 12 Intracardiac echocardiographic methods, such as the left atrial-to-aortic-root-ratio (LA/Ao), Q p :Q s ratio, and measurement of ductal sizes, are used, however, they are not specific for determining clinical importance of a PDA.
The purposes of this study were to (1) to determine if the ratio of the pulsatility index (PI) of the left pulmonary artery (LPA) to the PI of the descending aorta (DAo) (the R p /R s index) correlates with the degree of ductal steal from the intestine in neonates with PDA and (2) to determine if the R p /R s index can be used as a semiquantitative method to estimate the degree of left to right shunting through the PDA.
METHODS
This was a retrospective study conducted on infants admitted to three local level III neonatal intensive care units. Data collected from echocardiograms and Doppler studies of superior mesenteric artery (SMA) blood flow velocities (BFV) were used to evaluate the effects of ductal patency and shunting on the SMA BFV. Inclusion criteria included gestational age r35 weeks and a need for echocardiogram. Neonates who had cardiac abnormalities other than a PDA, pulmonary abnormalities other than respiratory distress syndrome or hyaline membrane disease, gastrointestinal or hematological abnormalities, or any major congenital anomalies were excluded. None of the patients were fed during the study period. The Institutional Review Board for the Protection of Human Subjects approved this study at each institution.
The cardiologist at each hospital routinely measures SMA BFV on infants who have echocardiograms performed due to a suspected hsPDA. The echocardiographic studies were performed with the least ultrasound intensity necessary to obtain clinically readable waveforms using echocardiography machines with 5.0 and 7.5 MHz transducers. Both pulsed and continuous wave blood flow and color Doppler images were obtained. A suprasternal or high left parasternal view was used to image the ductus, the LPA and the DAo. A sagittal subcostal view was used to image the SMA. Five waveforms were recorded using color-directed pulsed Doppler of LPA, DAo, and SMA ( Figure 1 ). The size of the ductus was measured in centimeters at its narrowest part on a color Doppler image. The ductal gradient was obtained using continuous wave Doppler and the mean ductal pressure gradient was calculated as described by Lu et al. 13 The PIs for LPA, DAo, and SMA were calculated as: (maximum velocity-minimum velocity)/mean velocity.
14 Maximum velocity refers to the maximum systolic velocity, and the minimum velocity refers to the end diastolic velocity. If diastolic flow is absent, minimum velocity equals zero. If the diastolic flow is reversed, minimum velocity equals maximum reversed diastolic flow and is recorded as a negative number. Mean velocity is the average velocity under the waveform, which includes both systolic and diastolic flows ( Figure 1 ).
Mean arterial pressure (MAP) at the time of the study was recorded when available. The Doppler-determined PAP was estimated as: MAP minus mean ductal pressure gradient. The PAP/ MAP ratio was calculated. The mean PI of three waveforms with the largest systolic flow at the LPA, DAo, and SMA was used for analysis. The R p /R s index was calculated as: LPA PI/DAo PI.
Statistical analyses were performed using SPSS (SPSS, version 11.5, SPSS Inc., Chicago, IL). A Pearson's correlation coefficient was used to describe the relationship between the R p /R s index and the SMA PI, ductal size, PAP, and the PAP/MAP ratio.
RESULTS
In all, 46 patients were enrolled; five were excluded from data analysis due to poor Doppler sampling of one or more vessels. Table 1 presents subjects demographics. Most of the infants were entered within the first week of life except for two infants studied on days 26 and 29. All of the PDAs demonstrated left to right shunting with no more than mild atrial shunting.
There was a significant negative correlation between the R p /R s index and SMA PI ( p<0.002, r ¼ À0.476) (Figure 2 ). The correlation remained significant after controlling for ductal size 
DISCUSSION
Many techniques have been used to evaluate ductal shunting in infants with PDA. Skelton et al. 11 suggested that reliance on clinical signs alone would lead to a mean diagnostic delay of 2 days. 11 Electrocardiogram in infants with PDA can demonstrate S-T elevations with diastolic overload and left ventricular myocardial ischemia. 15 However, Shipton et al. 16 found that 78% of infants with hsPDA had no ECG changes indicative of left to right shunting.
Intra-cardiac echocardiographic methods include the LA/Ao ratio, Q p :Q s and measurement of ductal size. The LA/Ao ratio is based on an increase in the left atrial size due to increased pulmonary venous return as a result of left-to-right shunting. However, Iyer et al. reported that the sensitivity of the ratio was lower if infants were scanned before the second day of life. 17 Q p :Q s is estimated by comparing the mitral/tricupsid valve or the aortic/ pulmonary valve time-velocity integrals in infants with isolated PDA, the pulmonary blood flow is measured by left ventricular output and systemic blood flow by right ventricular output. However, inter-atrial shunting makes the results invalid. 18 We used the R p /R s index to evaluate the effects of ductal shunting on SMA BFV in infants with hsPDA. There was a significant negative correlation between SMA PI and the R p /R s index, a relationship that remained significant after controlling for ductal size. We found no correlation between ductal size and the degree of ductal shunting. Our findings are consistent with those of Huhta and colleagues. They performed serial follow-up with 70 echocardiograms in 25 infants and found that a constricted or small ductus may have a large amount of shunting, and a large ductus may have minimal shunting. 19 Their findings and ours indicate that while ductal size is necessary for accurate assessment of ductal shunting, ductal size alone is not adequate.
There are significant advantages to the R p /R s index for assessing ductal shunting. It is a semiquantitative, extracardiac method that measures the downstream blood velocity in the pulmonary artery and DAo just distal to the PDA. The results from our study demonstrate that the R p /R s index can be used to identify neonates in whom PDA is associated with diastolic steal from the SMA. Since both the numerator (LPA PI) and denominator of the equation (DAo PI) are inversely related in the infant with PDA, the equation is likely to be predictive of small changes in the neonate's hemodynamic status. Sensitivity of the index to systemic changes is particularly advantageous since events that alter the peripheral resistance such as cold stress may be occult. The hemodynamic status of the ductus can change rapidly with time and with altered pulmonary function after birth. The index is also easy to calculate from the Doppler echo recordings, and it can be used as an adjunct to other methods.
Ductal steal can have significant clinical consequences. Cassels 20 first described the ductal steal phenomenon in premature infants with hsPDA over 30 years ago, and it has been described in preterm lambs. 21 The association between NEC and PDA was first described in 1980. 9 Van Bel et al. 22 reported an inverse relationship between the time average mean velocity of the SMA and vascular resistance, while Shimada et al. 23 reported that higher PI in the abdominal aorta of infants with surfactant-treated RDS and hsPDA decreased to control levels after PDA closure. While none of our study patients developed NEC, we found that large ductal shunting or a low R p /R s index resulted in absence or reversal of diastolic flow in the SMA. Since hypoperfusion and hypoxia may contribute to the developmental of NEC, a semiquantitative method like the R p /R s index could be useful in identifying infants with systemic steal from the SMA who are at risk for intestinal hypoperfusion. In addition, the index is sensitive to the diastolic effects of the PDA on systemic circulation.
We found no significant correlation between MAP and the R p /R s index. Shimada et al. 24 reported that the mean and diastolic blood pressure were significantly lower in extremely low birth weight infants with RDS and hsPDA. Evans et al. 25 reported that in infants with birth weights between 1000 and 1500 g, there was no significant difference in systolic blood pressure between infants with or without hsPDA. However, in infants with birth weights less than 1000 g, MAPs were significantly lower in the presence of hsPDA in the first week of life. Since MAPs were only available on half of our study patients, insufficient data may have contributed to the apparent lack of a relationship between MAP and R p /R s index.
We also found no significant correlation between PAP and the R p /R s index, although correlation might be expected. Infants with severely elevated pulmonary resistance or pressure were excluded from our study. If pulmonary pressure or resistance is elevated, right to left shunting would increase, and pulmonary blood flow would decrease. In infants with RDS who are administered surfactant, pulmonary vascular resistance and PAP decrease as ductal flow velocity increases, while systemic blood pressure does not change. 26 This highlights another advantage of the R p /R s index: its ability to describe peripheral events even though the proximal hemodynamics of the PDA itself are changing.
Limitations to our study include its retrospective design, and the lack of MAP and PAP data for many of the subjects. The R p /R s index is also a semi-and not quantitative measurement, since it measures downstream relative resistance instead of actual blood flow or blood volume. Also, it is not measuring absolute values of resistance because normal values are approximately 1.0, while normal pulmonary to systemic ratios are between 0.1 and 0.3 in normal subjects. In addition, the index only evaluates ductal shunting at the time of study and not continuously over time.
In summary, we have demonstrated that the R p /R s index correlates with SMA BFV, and that it can therefore be used as an indicator of ductal shunting. Additional studies are needed to clarify its clinical relevance, and to define normal values with varying degrees of ductal shunting. We conclude that the R p /R s index may be a useful adjunct to existing and new techniques for improving early assessment and treatment of hsPDA, and for evaluating the effects hsPDA on systemic organs.
